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This research note assesses the role of target foreknowledge in visual search for categorically deﬁned orientation targets, as ﬁrst
described by Wolfe et al. [Wolfe, J. M., Friedman-Hill, S. R., Stewart, M. I., & OConnell, K. M. (1992). The role of categorisation
in visual search for orientation. Journal of Experimental Psychology: Human Perception and Performance, 18, 34–49]. We compared
search with known versus unknown (respond to the odd item) targets. An RT advantage for categorical search only emerged with
known targets. The evidence points to an important role for top-down processes in search for categorically––deﬁned orientation
targets.
 2005 Elsevier Ltd. All rights reserved.
Keywords: Visual search; Visual attention; Categorical perception; Orientation; Top-down processes1. Introduction
This paper investigates how search for categorically
separable orientation targets in the orientation domain
is implemented by the perceptual system. Wolfe, Fried-
man-Hill, Stewart, and OConnell (1992) varied the
overall orientation of items in search displays whilst
maintaining the orientation diﬀerences between the indi-
vidual display elements. In the steepest condition, the
target was oriented 10 from the vertical meridian with
distractors at 30 and 70 (positive values reﬂect tilt
to the right of the vertical, and negative to the left).
Search slopes were 26 ms/item and 50 ms/item in the
present and absent response conditions respectively. In
the steep condition, the target was oriented 10 from
vertical and the distractors at 50 and 50. Although
the angular diﬀerences between the target and distrac-
tors remained the same, 40 and 60 from the target,0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
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E-mail address: j.hodsoll@bham.ac.uk (J.P. Hodsoll).search slopes with these particular orientations were
greatly reduced, 6 ms/item and 11 ms/item in the present
and absent conditions respectively. Wolfe et al.
proposed that orientation search beneﬁts if the target
and distractors can be classiﬁed as categorically diﬀer-
ent. For example, search is easier if the target is the sole
steep item and the distractors are all shallow (target
10, distractors ±50).1 A similar advantage was
shown when the target was uniquely tilted left or right
relative to distractors. From this, the authors suggested
that orientation stimuli were coded categorically using
the dimensions steep, shallow, left-tilted and right-
tilted.
It may be that the categorical coding of orientation,
and the use of categorical diﬀerences in orientation to
guide search, operates in a bottom-up manner. As Wolfe
et al. speculate, Orientation categorisation could be sub-
served by a set of channels tuned for speciﬁc categories1 By steep and shallow we mean that items are tilted less or more
than 45 from the vertical respectively.
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right items on their input to the perceptual system. On
the other hand, as Wolfe et al. also suggest, performance
may reﬂect the use of a top-down ﬁlter tuned to a par-
ticular orientation being applied to the output of low-le-
vel orientation feature maps. A similar proposal, that
eﬃcient feature detection depends on the adoption of
an appropriate discrimination template, has recently
been applied to the case of linear separability eﬀects in
search, by Hodsoll and Humphreys (2001).
A target can be deﬁned as linearly separable from dis-
tractors (Bauer, Jolicoeur, & Cowan, 1996; DZmura,
1991) if a straightline can separate the target co-ordi-
nates from the set of distractor co-ordinates within a
given feature space. DZmura (1991) ﬁrst investigated
this property of target and distractor sets in color space.
In a series of experiments he found that search was rapid
(with search slopes unrelated to the number of distrac-
tors present), if a target was linearly separable from
the distractors in color space. In contrast, if the target
was non-linearly separable from the distractors, then
search was more diﬃcult with the time taken to detect
the target increasing with the number of display items
present. Similar eﬀects have also been observed for stim-
uli deﬁned along the luminance (Bauer et al., 1996) and
size dimensions (Macquistan, 1994).
Hodsoll and Humphreys (2001) assessed the roles of
top-down and bottom-up processes in the linear separa-
bility eﬀect. They did this by manipulating target knowl-
edge under conditions of linear and non-linear
separability, with size-deﬁned targets. In the non-line-
arly separable condition the target was medium sized
and the distractors were large and small. In the linearly
separable conditions the target could be large or small,
with the distractors respectively being medium and small
or medium and large. In the foreknowledge (known)
condition, observers knew the identity of the target
across a block of trials. In the unknown condition, the
target varied randomly across trials and, on any given
trial, it was deﬁned as being a singleton relative to the
distractors (i.e. the only item of a particular size in the
display). With known targets an eﬀect of linear separa-
bility emerged; there was an advantage for large or small
relative to medium targets. However, with unknown tar-
gets the eﬀect of linear separability was greatly reduced.
This reduction was due in part to reaction times slowing
to the targets at the far ends of the size dimension (for
large and small targets). This suggests that the large
RT advantage for linearly separable over non-linearly
separable targets was dependent on foreknowledge of
what the target would be. Hodsoll and Humphreys pro-
posed that, in the known target condition, observers
could adopt a top-down template of the target which
biased selection to the target item at the end of the fea-
ture continuum (see Duncan & Humphreys, 1989). This
favored linearly separable over non-linearly separabletargets due to high target–distractor similarity in the
non-linearly separable condition.
The present paper uses a similar methodology to
assess the respective contributions of top-down and
bottom-up processes to the eﬀect of categorical orienta-
tion diﬀerences on search. If the categorical eﬀects in
orientation search are dependent solely on bottom-up
diﬀerences detected in a perceptual channel, then there
should be little diﬀerence in search behaviour for known
and unknown targets. On the other hand, if the eﬀect is
dependent on observers utilizing top-down processes
(e.g. setting a template for a steep target), then there
should be a relatively greater cost of target uncertainty
on categorically deﬁned targets relative to non-categor-
ically deﬁned targets.2. Experiment 1
2.1. Comparison of top-down and bottom-up search
In Hodsoll and Humphreys (2001), search for known
and unknown targets was assessed by comparing perfor-
mance with blocked and randomly presented targets.
Here we used a similar means to assess the top-down
component of the categorical search advantage. In the
unknown search condition, participants looked for a
target deﬁned as having a unique rather than a particu-
lar feature value. This is a variant on singleton search
displays used in the visual search paradigm in that, the
distractors in these displays are heterogeneous rather
than homogeneous. In the known search condition,
rather than presenting targets in a blocked manner,
the targets varied randomly on a trial-by-trial basis.
Upcoming targets were identiﬁed via a word cue pre-
sented before the search display. This served two func-
tions. It enabled us to dissociate top-down processes
explicitly from priming eﬀects. Kristja´nsson, Wang,
and Nakayama (2002) showed that, in a search task in
which target identity varied randomly across trials, if a
streak of trials occurred with the same target, RTs to
the repeated target were statistically indistinguishable
from blocked target trials. They concluded that bot-
tom-up priming eﬀects could account for results previ-
ously associated with top-down guidance. By varying
targets in both the top-down (known) and bottom-up
(unknown) conditions here, we can rule out an interpre-
tation based on simple priming eﬀects.
A pilot experiment was conducted to ensure that the
stimuli that we used would show categorical facilitation
eﬀects similar to that of Wolfe et al. Two conﬁgurations
of three diﬀerent orientation values were used (see Fig.
1). The orientation diﬀerences between the items in each
conﬁguration was 60, however, conﬁguration 2 (C2)
can be considered to a 30 rotation of conﬁguration 1.
This has consequences for the categorical status of the
Fig. 1. The relative orientations of target and distractors about the
vertical meridian for experiment 1, conﬁgurations 1 and 2 with the y-
axis as the origin.
Fig. 2. Examples of search displays for the right, steep and steepest
and left targets for conﬁgurations 1 and 2 respectively.
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tion stimuli in visual search are computed in a 180 fea-
ture space (Wolfe, Klempen, & Shulman, 1999), e.g., a
10 left-tilted item from the vertical could also be de-
scribed as tilted 170 to the right. Here, the orientation
value of the display items will be described as that near-
est to the vertical 0. In C1 there is a unique steep item
at 10 left of the vertical and in C2 a unique shallow
item. The sole steep (10L) item in C1 is equivalent to
the steepest (20R) item in C2 and the right-tilted
(50R) item in C1 is equivalent to the sole shallow
(80R) item in C2. In accordance with Wolfe et al.
(1992), a categorical facilitation eﬀect was found for
the steep and shallow targets relative to when they were
not categorically unique. For the steep target in C1,
search slopes averaged at 7.1 ms/item as compared with
33.9 ms/item in C2 when the target was not the only
steep item. When the right-tilted item in C1 became
the uniquely shallow (but still right-tilted) item in C2,
search slopes reduced from 76.3 ms/item to 25.4 ms/
item. Interestingly there was no categorical diﬀerencefor the left-tilted item, whether it was the only left-tilted
item or not (see further Wolfe et al., 1992).
2.2. Method
2.2.1. Participants
Eight female and eight male participants, between the
ages of 18 and 35 (two left-handed), took part in return
for course credits or cash. All had normal or corrected
to normal vision.
2.2.2. Stimuli
The stimuli used were variously oriented rectangles of
dimensions 74 · 26 pixels on a standard 1028 · 762
SVGA display, subtending 1.27 of visual angle length-
ways and 0.52 along the shorter axis. Participants were
seated approximately 0.75 m from the monitor and the
display items were arranged in an imaginary circle,
5.7 from ﬁxation (see Fig. 2). There were seven possible
target locations, the target appearing in each location
with the same frequency, but assigned pseudo-randomly
to each location on a trial by trial basis.
Table 1
Percentage errors for experiment 1 displays, for the left, steep and right
targets in C1 and left, steepest and right/shallow targets in C2, for
known and unknown target identity
Right Steep/
steepest
Left
C1 C2 C1 C2 C1 C2
Known 6.3 5.1 6.5 5.4 7 7.1
Unknown 6 7.5 6 6.1 8 6.1
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The experimental conditions were as follows:
Target knowledge: The target was either known or
unknown. Here, unknown search is a variant on single-
ton search in that, instead of the target being an odd
item amongst homogeneous distractors, it is an odd item
amongst at least two other kinds of distractor.
Conﬁgurations 1 and 2: In terms of absolute orienta-
tion, conﬁguration 1 was a right 30 rotation of conﬁg-
uration 2. Within these conﬁgurations the relative
orientations of the items remained the same, 60 be-
tween the target and distractors and 120 between the
distractors themselves. Both conﬁgurations had a cate-
gorically unique item, steep in the case of C1 and shal-
low in the case of C2. In terms of categorical
diﬀerences in orientation, the steep (10L) target is
compared to the steepest (20R) target in C2. For C2,
the right target (80R) is the only shallow item in
the display and the critical comparison here is to the
right target in C1 (50R).
Target: Each search display consisted of seven items,
a target and six distractors. For each conﬁguration there
were three classes of target, left, steep (C1) or steepest
(C2) and right-tilted. In terms of orientation (see Fig.
1a), for C1, targets were either right-tilted target
(50R) amongst steep and left-tilted distractors, a un-
iquely steep left-tilted item (10L) amongst left or
right-tilted distractors or a left-tilted target (70L)
amongst steep and right-tilted items. For C2, the un-
iquely shallow right-tilted target appeared (80R) ap-
peared amongst steepest right and left distractors, the
steepest right (20R) amongst left and shallow right dis-
tractors, and the left-tilted target (40L) amongst right
shallow and right steepest distractors. Example search
displays for the steep target in C1 and steepest target
in C2 are shown in Fig. 2a and b.
Response condition: Participants responded as to
whether a break in a small green annulus (0.1 visual
angle) placed centrally in the target item, was at the
top or bottom of the annulus. Each distractor item also
contained a single annulus with a break at the top or
bottom; assigned on a pseudo-random basis such that
the number of annuli with breaks at the top or bottom
was equal. Thus, to respond correctly it was necessary
that participants selected and deployed focal attention
to the target item.
2.2.4. Procedure
The experiment was run in four blocks run in a pseu-
do-random order for each participant. There was a
block for each conﬁguration and whether the target
was known or unknown. In the known condition, par-
ticipants were informed of the identity of the target via
a visually presented word cue immediately prior to the
trial. For the unknown condition, participants were re-
quired to identify the target on the basis that it had asingleton value along the orientation dimension. Each
trial commenced with the appearance of a word for
500 ms either informing the participant of the identity
of the target or not. For C1, the word cue for the respec-
tive targets was Right, Left or Steep and in C2,
Right, Left or Steepest. In the unknown condition,
a non-informative word cue preceded each trial, Anon,
Unknown and Not Named on a random basis. Before
the search display appeared a central ﬁxation cross was
presented which remained on screen for 400 ms. Partic-
ipants were asked to ﬁxate the cross at the beginning of
each trial and to try and keep eye movements to a min-
imum. For all trials, the display remained visible until
subjects responded or until 10,000 ms had passed. A
new trial commenced after 750 ms. Participants re-
sponded to the up/down location of the break in the
green circle in the middle of the target element. Half
of the participants responded f if the gap in the circle
was at the top and j at the bottom; the other half
pressed j and f for top and bottom respectively. A
short beep indicated when participants made an error.
There were 49 trials per target and response condition,
giving a total of 294 trials per block and 1184 trials in
total.
2.3. Results
The data for three subjects were removed from the
analysis as they made over 20% errors in at least one
of the conditions. Errors (see Table 1) tended to follow
the RT data, but there were no signiﬁcant diﬀerences
across the experimental conditions. The RT results pre-
sented below were not due to a speed-accuracy trade-oﬀ.
The recursive cut-oﬀ procedure removed 246 of 14,497
trials (1.7%). Mean correct RTs for known and un-
known search, as a function of target identity and dis-
play conﬁguration, are shown in Fig. 3. A three-way
ANOVA with target identity, display conﬁguration
and target knowledge as factors was carried out.
RTs were faster in the target known (1583 ms) condi-
tion than in the unknown (2917 ms), F(1,12) = 101.9
p < 0.001. More importantly, there was a three-way
interaction between target identity, conﬁguration and
target knowledge, F(2,24) = 21.42 p < 0.001. Fig. 3
shows that whilst there is an eﬀect of categorical facilita-
Fig. 3. Mean correct RTs for experiment 1, for the left, steep and right
targets in conﬁguration 1 and left, steepest and right/shallow targets in
conﬁguration 2, target identity known or unknown. The error bars
represent one standard error.
2350 J.P. Hodsoll, G.W. Humphreys / Vision Research 45 (2005) 2346–2351tion in known search, in unknown search the eﬀect dis-
appears. Separate two-way ANOVAs of target identity
vs. display conﬁguration for the known and unknown
target condition conﬁrmed this observation. A signiﬁ-
cant interaction between target identity and display con-
ﬁguration was found for the known target condition
F(2,24) = 27.12 p < 0.001 but not for the unknown tar-
get condition F(2,24) = 1.68 p > 0.19. Consistent with
prior data, in the known condition, the steep target in
C1 was faster than in C2, t(1,12) = 3.683 p < 0.005
and the right-tilted was signiﬁcantly faster when it was
the uniquely shallow item in C2, t(1,12) = 2.179
p < 0.05. Of note in the unknown target search, there
was a main eﬀect of target type, F(2,24) = 8.29
p < 0.005. The steep targets (3012 ms) were the hardest
to ﬁnd relative to the left (2850 ms) or right (2890 ms)
targets.
2.4. Discussion
There was an impressive diﬀerence in search perfor-
mance depending on whether the target identity was
known or unknown. In the known search condition,
we replicated the results of Wolfe et al. (1992). Categor-
ical facilitation was found for steep and shallow targets,
and search was eﬃcient for these categorically deﬁned
targets. Unknown or singleton target search was
1334 ms slower than known target search, a huge cost
in terms of RTs. Moreover, the categorical facilitation
eﬀect for steep and shallow targets disappeared. Given
that target identity varied in both known and unknown
search a simple priming mechanism is not suﬃcient to
account for the data. Search for an unknown (orienta-
tion singleton) target was clearly very diﬃcult. Error
rates showed only a marginal increase for the unknown
versus known condition, but there was no evidence of a
speed-accuracy trade-oﬀ. More importantly, there was a
diﬀerential beneﬁt of target knowledge for the diﬀerenttarget identity and conﬁguration conditions. The great-
est cost in the unknown condition was for the easy tar-
gets; in particular, the C1––steep target was 1809 ms
slower in the unknown search condition. This striking
result is consistent with Hodsoll and Humphreys
(2001). Clearly the beneﬁt to search when target and dis-
tractors can be coded as belonging to diﬀerent orienta-
tion categories is dependent on target foreknowledge.
One concern then may be that the lengthy RTs in the
unknown condition do not allow categorical diﬀerences
to be discerned. However, we would argue against this.
Firstly, the point is that there seems to be little salience
information available to guide attention at all, even on
the basis of non-categorical orientation diﬀerences. In
this situation any bottom-up information based on cate-
gorical coding should be particularly beneﬁcial. Further,
the standard error of the RT distributions is not hugely
diﬀerent for the non-categorical targets in known
(120 ms SE) and unknown search (140 ms SE). Thus,
although RTs were much longer in the unknown condi-
tion than the known, the diﬀerences in variance should
not be suﬃcient to allow any signiﬁcant diﬀerences to
emerge. However, there is no indication of any categor-
ical eﬀects on performance. Indeed, the steep and steep-
est targets in C1 and C2 were signiﬁcantly slower than
the left and right-tilted targets in the unknown condition.
In Hodsoll and Humphreys (2001) it was shown that
the rapid parallel search associated with linearly separa-
ble targets, relative to non-linearly separable targets,
was aﬀected by top-down processes. In that study,
search for an unknown target disrupted search for line-
arly separable large and small targets, compared with
the non-linearly separable medium target. Similarly,
when the target was unknown here, the RT advantage
for the categorically separable targets (steep or shallow)
disappeared. This goes against a strictly bottom-up
account, where the perceptual representation of a steep
or shallow item strongly activates an input channel
tuned to each categorical property. One alternative
account proposes the importance of setting a top-down
template for the target. Foreknowledge of the target
identity allows the use of a memory template that facil-
itates rapid search for a steep or shallow target. This
idea is found in the model of Duncan and Humphreys
(1989); an attentional template biases competition be-
tween items in the visual ﬁeld. Selection weight is as-
signed to items matching the target template and
suppression applied to non-target items.
On another interpretation, top-down processes may
simply involve the monitoring of the output of steep/
shallow orientation channels. Indeed this would be more
consistent with the work of Foster and Ward (1991) and
Foster and Westland (1998) who have shown categorical
eﬀects in a bottom-up search task. Foster and Ward
(1991) showed that orientation asymmetries (see also
Treisman & Gormican, 1988) could be explained by a
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the horizontal and vertical meridians. Foster and West-
land (1998) extended this by showing that categorical
groups of orientation selective mechanisms could be
shown at intermediate (35–50 apart preferred tuning)
and ﬁne scales (10–25 apart), with again preferred ori-
entation of some of the intermediate mechanisms being
associated with the vertical and horizontal. Importantly
here, the orientation of the target and distractors was
not known in advance. Nevertheless, the data showed
categorical eﬀects with respect to orientation.
Arguably, the critical diﬀerence with our study and
that of Foster and Ward (1991) and Foster and West-
land (1998) is that we used heterogeneous distractors
in our experiments whereas they used homogeneous dis-
tractors. This could aﬀect categorical processing in var-
ious ways. For example, we may assume that categorical
coding is derived from diﬀerences based on the re-
sponses of intermediate scale mechanisms of preferred
orientations (Foster & Westland, 1998, p. 1612).2 It
may be that in a typical unknown search display here
there will be high activity in all orientation speciﬁc
detection mechanisms. This means that there will be
no clear indication of which ﬁlter is responding to the
singleton target, leading to participants having to initi-
ate an item-by-item search. In the case of Foster and
Ward, grouping between homogeneous distractor items
may facilitate categorical processing. In contrast, for
top-down search the appropriate categorically tuned ﬁl-
ter can be simply monitored for activity indicating the
spatial location of the target, irrespective of whether
the distractors are homogeneous or heterogeneous.
This may also aﬀect the search strategy used; in un-
known search, monitoring the output of a categorical
channel is not necessarily optimal. Singleton search is
generally held to proceed via participants monitoring
the output of a feature or dimensional saliency map
for discontinuities (e.g. Bacon & Egeth, 1994; Bravo &
Nakayama, 1992; Mu¨ller, Heller, & Ziegler, 1995). As
in both conﬁgurations 1 and 2 the search targets which
have been shown to allow categorical facilitation (steep
and shallow) are only present on a minority of trials,
there may be little advantage in attending to the output
of any categorical channels; for non-categorical targets
an odd-one out search may still be necessary.
In summary, it has been shown that the categorical
orientation eﬀect can be critically dependent on top-
down guidance. Whether top-down facilitation depends
on a target template, the monitoring the output of a2 The coarsely tuned horizontal and vertical ﬁlters are likely to have
insuﬃcient tuning selectivity to allow diﬀerentiation of items only
separated by 60.perceptual channel or indeed both of these processes is
an outstanding research question.Acknowledgments
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